and SCN-on gastric acid secretion. Am. J. Physiol. 245 (Gastrointest. Liver Physiol. 8): G64-G71,1983.-The action of the substituted benzimidazole omeprazole (H 168/68) was studied in three different in vitro preparations: the isolated guinea pig gastric mucosa, isolated intact and permeable rabbit gastric glands, and hog fundic microsomal membrane vesicles containing H'-K+-ATPase. The effects of omeprazole were compared with those of cimetidine and thiocyanate (SCN'). Under all the conditions studied, cimetidine only counteracted histamine-induced acid secretion, consonant with its HZ-receptor antagonism. In contrast, omeprazole and SCN-were found not only to inhibit histamine-induced secretion but also basal acid formation and acid formation induced by dibutyryl CAMP and a high cell medium concentration of K+. Moreover, acid production induced by ATP in permeable gastric glands was antagonized by omeprazole and SCN-, whereas cimetidine was without effect. The interaction pattern of omeprazole and SCN-was differentiated by studies using the weak base antipyrine in the isolated mucosal preparation, where it was found that antipyrine could reverse the inhibition induced by SCN-but not that of omeprazole. Furthermore, omeprazole was found to inhibit the isolated H+-K+-ATPase, whereas cimetidine or SCN-was without effect. In the isolated mucosal preparation omeprazole caused an increase in K' secretion rates in parallel with the inhibition of acid formation. This was in contrast to what was observed for cimetidine and SCN-, which exhibited no such increased K+ secretion. The results obtained from intact mucosa and isolated glands are in agreement with the ability of omeprazole to inhibit the isolated H'-K+-ATPase and thus provide evidence of a novel mechanism of action for this inhibitor. rabbit; aminopyrine; parietal cell; isolated mucosa; H+-K'-ATPase RECENTLY substituted benzimidazoles have been shown to be powerful inhibitors of gastric acid secretion in various animal models, including humans (7, 15, 16, 23, 24) . Previous investigations have suggested a target site for this class of compounds within the parietal cell and beyond second-messenger activation of the acid formation process, possibly by a direct interaction with the proposed gastric proton pump, the H+-K+-ATPase (5, 6, 26) . This study extends these mechanism studies for the benzimidazole group of compounds by using the more potent analogue omeprazole (Fig. 1) . Furthermore, the action of this novel inhibitor is compared with those of the more established inhibitors of gastric acid secretion, cimetidine and thiocyanate (SCN-). Although cimetidine is an Hz-receptor active compound with a site of action presumably on the basolateral membrane of the parietal cell (4), the mechanism of action for SCN-has remained obscure. It has recently been suggested that SCN-acts at a step beyond the energy-requiring step for acid production (ll), possibly by combining with H+ in the mucosal solution to form HSCN, which diffuses back to the cell cytosol and thereby dissipates the proton gradient (10) .
To differentiate between the interactional behavior of omeprazole and those of cimetidine and SCN-, we have taken advantage of three in vitro preparations, each representing a distinct level of biological organization: 1) the isolated guinea pig gastric mucosa, as an organ preparation (22); 2) isolated intact and permeable rabbit gastric glands, illustrating effects on a parietal cell level (2, 14) ; and 3) purified hog fundic membranes containing the H+-K+ ATPase. Since this enzyme has been postulated to constitute one of the final steps in the events leading to acid formation within the parietal cell, effects of the inhibitors on this enzyme illustrate interaction on a "proton pump" level (9, 18) .
METHODS

Studies on Isolated Guinea Pig Mucosa
Preparation of tissue and solutions. Male guinea pigs weighing between 450 and 550 g were used. The animals were starved but allowed free access to water 24 h before the experiment, after which they were killed by a blow on the head. The mucosa was prepared according to previously published methods (23) . In short, the stomach was removed and the muscular layer dissected from the mucosa, which was then mounted on a plastic funnel (cross-sectional area, 2 cm2) with the mucosal surface facing the tube lumen. Each preparation was immersed in an organ bath containing 40 ml of a serosal solution having the following composition: 141 mM Na+, 5 Experiments with antipyrine. The spontaneous secretion was followed for about 30 min, after which stable spontaneous secretory rates were obtained and histamine (4 x 10D5 M) was added to the serosal solution. After another 30 min, when stable stimulated secretory rates were obtained, 5 x lOa M NaSCN or 10e5 M omeprazole was added to the serosal medium. Omeprazole was dissolved in methanol and only a small volume of the stock solution was added to the serosal medium. Thus the final concentration of methanol in the medium was less than l%, which had no effect on the secretory function. To establish near-maximal inhibition, the mucosa was incubated for an additional 60 min, after which the pH of the mucosal solution was changed from 3.0 to 6.0. Ten minutes later 3 x lOa M antipyrine was added to the serosal side and H+ secretory rates were followed for another 60 min.
Experiments with simultaneous measurements of K+ and H+ secretion. Spontaneous secretory rates were allowed to stabilize for 30 min, after which 2 x low5 M histamine was added to the serosal solution to obtain maximal secretory rates. After 60 min of histamine stimulation, the following additions were made to the serosal solution: serosal buffer solution as control, 5 x 10e6 M omeprazole, 5 X low5 M cimetidine, or 5 x 10m3 M NaSCN. Secretion rates were followed for an additional 120 min.
Studies on Isolated Rabbit Glands
Preparation of glands. This was done according to previously published methods (2) . Briefly, after vascular perfusion of the stomach, the mucosal layer was scraped off and cut into small pieces using a pair of scissors. The minced mucosa was digested in collagenase (150 U/ml) for 60-90 min. The digested glands were filtered through a nylon cloth and then washed in the relevant incubation medium (see below).
Measurement of [14C]aminopyrine
accumulation. Uptake of the weak base was used as index for the acid formation within the glands as described previously (1) . The medium contained about 1 pmol/l aminopyrine (sp act, 5-15 mCi/mmol). After incubation the glands were transferred to 1.5-ml conical plastic tubes (Eppendorf, Hamburg, W. Germany) and spun down for 10 s in an Eppendorf centrifuge at approximately 1,100 g. The supernatants were removed and the wet and dry weights of the pellets were determined. The pellets were digested in 0.5 ml 1 M NaOH for 1 h. Aliquots of supernatants and dissolved pellets were counted in a scintillation counter.
Experimental procedure for intact glands. The glands were incubated at about 5-7 mg dry wt in a final volume of 1.5 ml at 37°C. For basal, histamine, and N6,02'-dibutyryl adenosine 3',5'-cyclic monophosphate (DBcAMP), the following medium was used: 132.5 mM NaCl, 5.4 mM KCl, 1.2 mM MgS04, 1.0 mM CaC12, 1.0 mM NaH2P04, 5 mM Na2HP04, 10 pg/ml phenol red, 11 mM glucose, and 1 mg/ml albumin. Histamine was lo-* M; DBcAMP, 10B3 M. The test agents omeprazole, cimetidine, and NaSCN were used as indicated in the figures. The incubation time was 60 min. For glands stimulated with high K+-low Na+ concentrations, the medium consisted of 29.8 mM NaCl, 108 mM KCl, 1.0 mM CaC12, 10 pg/ml phenol red, 1 mM NaH2P04, 5 mM Na2HP04, 11 mM glucose, and 1 mg/ml albumin. Test agents were used as indicated in the figures. Incubation time was 40 min. Omeprazole was dissolved in methanol. After this solution was added to the incubation medium, the final methanol concentration was l%, which had no effect on the aminopyrine (AP) uptake.
Experimental procedure for permeable glands. The glands were incubated at about 3-6 mg dry wt/ml in a final volume of 10 ml at 37OC. The incubation medium consisted of 125 mM KCl, 1.2 mM MgS04, 20 mM HEPES, buffered with Tris base to pH 7.4, 6 mM phosphoric acid, buffered with Tris base to pH 7.4, 10 pg/ml phenol red, and 0.1 mM CaC12. The various test agents omeprazole, cimetidine, and NaSCN were added at the start of the incubation together with 10 pg/ml oligomytin. After 30 min, 5 mM Na2ATP buffered with Tris base to pH 7.4 and digitonin (in concentrations indicated in figures) were added to the incubation flasks. Samples of 1.0 ml were withdrawn from the incubation media at the times indicated. Omeprazole and digitonin were dissolved in methanol-oligomycin in ethanol. After addition of these solutions, the final concentration of methanol was 0.2% and that of ethanol was 0.1%. These concentrations had no effect on the AP accumulation ratio.
Studies on Isolated H+-K+ ATPase Preparation of enzyme. The gastric H+-K+-ATPase was purified from hog stomachs according to previously published procedures (17) . Briefly, membrane vesicles containing the enzyme were purified by differential and zonal density-gradient centrifugation.
The microsomal fraction sedimenting between the 0.25 M sucrose and 0.25 M sucrose-8% Ficoll step was used for the experiments.
ATPase activity. Hydrolysis of ATP was followed by
the release of inorganic phosphate (Pi) from ATP. Pi was analyzed according to published procedures (25) . Inhibition studies on H+-K+-ATPase. The enzyme was preincubated in a medium consisting of 2 mM piperazine-N,N' -bis( 2-ethanesulfonic acid) (Pipes) buffered with Tris base to the pH indicated in the figures and 10 pg/ ml of membrane protein in a final volume of 1 ml.
Omeprazole was dissolved in methanol, and after the solution was added to the mediu .m the final concentration of methanol was less than l%, which on its own had no effect on the enzyme actvity. The preincubation time was set to 30 min at 37"C, after which the enzyme activity was determined by the addition of 1 ml of the following reactant mixture: 4 mM MgC&, 4 mM Na2ATP, and 75 mM Pipes-Tris buffer (pH 7.4) with or without 20 mM KCI. Regardless of the preincubation pH, this strong buffer addition brought the pH to 7.4. The enzyme activity was determined for 5 min at 37OC. The reaction was stopped by the addition of 1 ml 12% perchloric acid containing 3.6% ammonium molybdate. Gastric glands maintain uptake of AP in the absence of added secretagogues. Previous studies indicated that substituted benzimidazoles could antagonize this basal AP accumulation (5, 7) . In agreement with these findings, the more potent benzimidazole omeprazole was likewise found to inhibit AP uptake in resting glands (Fig. 2) . Similarily, SCN-also antagonized basal AP accumulation, but it was omeprazole. In contrast, (Fig. 2) .
found to be less potent than cimetidine was without effect Stimulation of AP accumulation in the glands was induced in three ways: with histamine as an Hz-receptor agonist, with DBcAMP as an intracellular transmitter, and with a high concentration of K+ in the cell medium, which probably interact with one of the final steps in the acid formation process (12) . In accordance with earlier studies made with other benzimidazoles (7), omeprazole dose dependently inhibited all three agonists, with an IC 5o = 5 x low7 M, independent of the secretagogue used (Fig. 3) . Cimetidine, however, was only capable of antagonizing the response to histamine in agreement with its Hz-blocking characteristics, with an I&o = low5 M. SCN-, like omeprazole, was found to inhibit all three agonists (Fig. 3) . However, in contrast to omeprazole, it appeared to be more potent on K+-induced AP accumulation compared with histamine-or DBcAMP-stimulated AP uptake. The following ICso values were obtained: high K + = 0.42 X 10e3 M t 0.01 X 10D3, histamine = 1.1 X 10B3 + 0.09 X 10D3, and DBcAMP = 2.2 x 10B3 M t 0.4 X 10 z . Values are means t SE of three determinations.
The I& for SCN-was significantly lower for K+ than for both histamine-and DBcAMP-induced AP uptake (P < 0.02). No significant difference between histamine and DBcAMP was obtained. Similar enhanced potency for SCN-on K+-versus histamine-stimulated secretion has been reported before (11) .
Effects of Omeprazole, SCN, and Cimetidine on ATP-Driven AP Uptake in Permeable Glands
Recently it has been shown that AP accumulation in glands made permeable to molecules of large size, 'either by high-voltage shocks (3) or by digitonin treatment (14) , could be achieved by the sole addition of ATP to glands suspended in K+-containing media. Since this effect was obtained under anoxia and/or in the presence of oligomycin, it was concluded that ATP was the only energy source needed for acid formation in the glands (14) .
Addition of ATP plus increasing concentrations of digitonin to oligomycin-treated glands induced a transient AP uptake with a peak plateau after about lo-20 min (Fig. 4) . A digitonin concentration of 12.5 pg/ml appeared to be too low a concentration, whereas 37.5 and 125 pg/ml gave maximal responses. Therefore, 37.5 pg/ ml was chosen for the later experiments because this was close to the optimal concentration.
Inclusion of either omeprazole or SCN-together with oligomycin dose dependently inhibited the AP accumulation. The ICso value, estimated from the AP ratio 10 min after ATP addition, was 2.7 x 10e7 M for omeprazole and 8.4 x low5 M for SCN-, whereas cimetidine was without significant effect even at 10m4 M (Fig. 5) and the benzimidazole, both were found effective inhibitors in intact as well as permeable glands, and their inhibitory characteristics could not be distinguished. Cimetidine, however, was only found to counteract with the histamine-stimulated AP accumulation in intact glands and therefore clearly deviated from the other two inhibitors.
Differentiation
Between Inhibitory Effect of Omeprazole and SCNOne important step toward the. understanding of the mechanism of action for SCN-came from experiments with weak bases in the isolated amphibian mucosa, where it was shown that aminopyrine or imidazole could reverse the inhibition induced by SCN- (19) . When the weak base enters the acid space within the mucosa, it becomes protonated and subseauentlv diffuses in that form into the secretory medium. Provided that the pH there is above the pKa value for the weak base, it will become unprotonated and the H+ ion can be titrated. However, if the p& value is substantially above the pH of the secretory medium, the H+ will remain bound to the weak base and it cannot be titrated.
The results from such experiments are shown in Fig.   6 , where 10B5 M omeprazole and 5 x 10m3 M SCN-were added to the nutrient side of the histamine-stimulated guinea pig mucosa, with the secretory side kept at pH 3.0. Both inhibitors induced an almost complete inhibition of the H+ secretion within 60 min. After this time, the pH of the secretory side was changed from 3.0 to 6.0, and then 3 x 10m2 M antipyrine was added to the nutrient side. In agreement with the findings from the amphibian mucosal preparation (19), we found a rapid reversal of the H+ secretory rate after addition of the weak base to the SCN--inhibited mucosa. However, no reversal was obtained when antipyrine was added to the omeprazoleinhibited mucosa. Thus, in contrast to SCN-, omeprazole inhibited the secretion of H+ into the secretory medium.
Interaction of Omeprazole, SCN, and Cimetidine with Isolated H+-K+ AT&se At this point, omeprazole had been found to inhibit acid formation in glands as well as in intact mucosa, despite the different ways in which acid secretion was triggered. These findings indicated that omeprazole might have a target site close to the production site of hydrogen ions within the parietal cell. To test this possibility its interaction with the isolated and purified H+-K+-ATPase was investigated. We found that omeprazole inhibited the H+-K+-ATPase but only under certain conditions (Fig. 7) . Thus 6 . Effect of antipyrine on H+ secretion in isolated mucosa inhibited by SCN-and omeprazole. Histamine (4 x lo-' M) was added at time 0. All agents were added to nutrient side. the assay medium below neutrality induced inhibition of the H+-K+-ATPase activity. The purified enzyme is not stable at a pH below 5.5 (data not shown), for which reason interaction with omeprazole could not be tested at a lower pH. However, the monophasic pH inhibition profile in Fig. 7 indicated that the inhibitor would probably increase its reactivity toward the enzyme as the pH is progressively decreased below 5.5. From the concentration response curve in Fig. 8 , an apparent I&o = 2 x 10D6 M at pH 6.1 could be calculated for omeprazole.
Under conditions where omeprazole was found to be inhibitory for the H+-K+-ATPase, i.e., acidic pH, the inhibitory effect of SCN-and cimetidine was tested. In contrast to the benzimidazole, both SCN-and cimetidine were found ineffective (data not shown), consistent with r FIG. 5. Dose-response curves for omeprazole, cimetidine, and SCN-in permeable glands. Inhibitors were added together with 10 pg/ml oligomycin 30 min before addition of 5 mM ATP and 37.5 jkg/ml digitonin. Control value of aminopyrine (AP) ratio 10 min after ATP addition was set to 100% for respective inhibitor. These values were 64.4 + 13.8 (6) for omeprazole, 42.5 k 16.6 (3) for SCN, and 55.5 k 18.9 (3) for cimetidine. Values are means k SE. Numbers in parentheses indicate number of experiments. The H+-K+-ATPase has been found not only to be an active transporter of H+ ions in vesicle preparations but also to countertransport K+ ions (20) . To test the action of omeprazole, SCN-, and cimetidine on K+ transport, the isolated mucosa was chosen as a test model. In the experiments described in Fig. 9 , H+ secretion was stimulated to a maximal level with histamine, after which 5 x low6 M omeprazole, 5 x 10e3 M SCN-, and 5 X 10m5 M cimetidine were added to the nutrient side. These concentrations gave approximately 60-90s inhibition of OMEPRAZOLE, CIMETIDINE, AND SCN-ON GASTRIC ACID SECRETION G69 H+ secretion (Fig. 9A) . Simultaneous to measurement of H+ secretion, K+ levels were measured in the secretory solutions. We found that, after the addition of histamine, there was an initial decrease in net efflux of K that did not differ from what was found under unstimulated conditions. When acid secretion remained steady, there were no changes in the secretion rate of K+ (Fig. 9B) the K+ transport rate in parallel with its inhibition of H+ efflux (Fig. 9B) . DISCUSSION The action of the novel gastric acid secretion inhibitor omeprazole was found to differ in many respects from the actions of cimetidine and SCN-. The interaction of these three antagonists in the different in vitro systems is summarized in Table 1 . One common property of the three antagonists was their ability to block histaminestimulated acid formation in isolated glands and in the 
